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A S'l1JDY OF IN-REACTOR D~SIFICATION 

OF uo2 FUEL IN THE Mll- lA REACTOR 

by 

V. W. Storhok 

ABSTRACT 

Density data ob~ gined -Ya mercury pycnometry technique 

provided conclusive evidence that the uo2 fu 1 in the MH-lA Reactor 

densified during operation. On the basis of optical mctallographic 

observations, the densification occurred by annihil at ion of small as­

fabrication porosity. The fuel densification did nut result in any 

obvious decrease in the integrity of the fuel rods or the fuel asse1'1hly. 

INTRODUCTIO!l 

A program to examine fuel rods from a spent MH-lA fuel assembly 

was conducted at the Battelle-Columbus Hot Laboratory Facility. The 

program was conducted for the U.S. Army Fac!lities Engineering Support 

Agency under USAF.C Contract W-7405-eng-92. The primary objectives of the 

program were to: 
(1) Determine the extent, if any, of uo2 fuel 

densification that may have occurreo 

during operation. 

(2) Assess any effects fuel densification may 

have had on the integrity of the fuel 

rods and the assembly. 

This study was promp ~.id by probl ems encount ered hecause of in-reactor 

densif ication of uo
2 

fuel in Zircoloy-clad light water r eac tor fuel rods. 

The dcnsificatio:i. of uo
2 

fuel dur ing operation was resulted in shortening 

of fuel columns with attendant gnp fonnotion. Bt...:ausc of loss of support 

of th,! und er lying fuel, collapse of the Zircaloy cl~ rl in th e~ gap areas has 

occurred. In contrast to mo s t current comm<:!rcinl light wate r r eactor fuels, 

the ·t-tn-lA fuel columns are short (36 i.n.) and the cladding is stflinkss steel. 
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The study of MH-lA Reactor fuel densification involved the 

receipt of one spent fuel asst\Jllbly, the nondestructive examination of six 

fuel rods removed from the assembly and th destr uctive examination of 

samples from two of the removed fu el rods. The nondestruct i ve examinations 

consisted of visual exami.nation, neutron radiography, gamma scanning, and 

fission gas sampling :.md analysis. Destructive examinations consisted of 

fuel burnup analys i s, fuel density measurements and fuel metallographic 

examination, 

DESCRIPTION OF NH-lA FUEL ASSEMBLY 

MH-lA Type I Fuel Assembly No. 46 provided the fuel rods for study 

in this progrcllll. The Type I assemblies contain 104 stai nless steel clad 

fuel rods arranged es shown in Figure 1. Plates at the top and bottom of 

the assembly position the fuel rods. The uo2 fuel in each rud is in the 

form of pelle ts 1.0 in. long by 0.456 in. diame ter stacked to a height of 

36 in. Specifications called for an as-fabricated fuel d~nsity of 10.2 to 

10.5 g/cc. The Type 348 stainles s steel cladding hhs an ID of 0.461 in. and 

an OD of 0.507 in. A one-in.-long gas plenum is at the top of each fuel rod. 

EXPERIMENTAL PROCEDURES AND RESULTS 

The experimental procedures and r esults of the examinations are 

given in the followi.n g sections. 

Visual Examina tion of Ass embly 

The fuel ass embly was vi sually examined to assess its general 

condition. This examinat i on showed the ass embly to be in good condition 

with no evidenc e of ext ens ive rod bowing, c l ad collapse , or any other type 

of damage . A photogr aph of one :1 ide of the ass embly is shown in Fi guL·c 2. 
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FIGURE 2. VIEW OF AS-RECEIVED MH-IA FUEL ASSEMBLY NO, 
THROUGH HOT CELL WINDOW. The assemMy 
appears sound in all respects.
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Fuel Rod Removal 

Six rods, A-2, A-9, A-12, E-5, F-8, and ~i-11 were removed from 

the assembly for detailed examination. Rod locatiot. s are shown in the 

sketch of the top grid plate, Figure 1. Corner rods, A-2, A-12, and J-11 

wer~ removed from the as~embly by cutting through the top and L ' tom end 

caps with an abrasive wheel. To minimize chances of violating the rod 

containment, the end cap cuts were made as close as possible to the top 

and bottom grid plates. The inner rods A-9, 1-5, and F-8 we re removed by 

cutting 0.625 in. diameter holes through the grid plates and pulling the 

rods through the holes. The holes were cut with a drill saw. 

l'wo 0.5 in. diameter stainless steel rods were inserted into the 

E-5 and F-8 positions and the assembly returned to the MH-lA Shipping Cask 

and shipped to Savannah River Labs for reprocessing. 

Visual F.xamination of Fuel Rods 

Each of the six removed fue :i. rods were examined. visually using I'. 

stereoviewer. No evidence of clad collaps e, distortion, or excessive 

corro~ion was observed. Figures 3 and 4 show the highest performance region 

of Rods A-2 and A-9. As can be seen the cladding appears to be completely 

sol.Ind. The oxide ccating on the rods was typical of that formed on 

stainless steel on exposure to high-temperature wate r. Figure 5 shows the 

bottom region of Rod E-5 where neutron radiography revealed an absence of 

fuel. If the fuel was missing during operation, it had no obvious deleterious 

effect on the cladding. 

Neutron Radiography 

All six removed ro<ls wer e neutron radiographed with the objective 

of assessing gap fonnation i.n the fu el column and general f ue l coudit i on. 

Each rod was r adiographed over its entire length in two orienta tions 90 

degrees apart. Radiography was pe.cfo rmed at the Rattellc Rcs cnrch Reactor. 
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FIGURE 3. VIEW OF HIGH PERFORMANCE REGION OF ROD A-2, 
(HIGHEST BURNUP ROD EXAMINED) 8-1/2 - 9-1/2 
IN. ABOVE THE BOTTOM OF THE FUEL COLUMN

C1731

FIGURE 4. VIEW OF HIGH PERFORMANCE REGION OF ROD A-9 
(SECOND HIGHEST BURNUP ROD EXAMINED),
17-1/2 - 18-1/2 IN. ABOVE THE BOTTm OF THE 
FUEL COLUMN
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FIGURE 3. VIEW OF HIGH PERFORFIANCE REGION OF ROD A-2, 
(HIGHEST BURNUP ROD EXAMINED) 8-1/2 - 9-1/2 
IN. ABOVE THE BOTTOM OF THE FUEL COLUMN
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FIGURE 4. VIEW OF HIGH PERFORMANCE REGION OF ROD A-9 
(SECOND HIGHEST BURNUP ROD EXAMINED),
17-1/2 - 18-1/2 IN. ABOVE THE BOTTOM OF THE 
FUEL COLUMN
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The neutron radiographs, Figure 6, did reveal gaps in the fuel 

columns. Also, cracking of fuel pellets appeared to be moderately severe. 

However, movement of fuel within the rod was observed upon moving the rod 

from one radial position to another, suggesting a loose fit of fuel in the 

cladding. Thi s looseness was later observed du·ing sectioning and metallo­

graphic examination. In light of this loose fit and the absence of a 

holddo~n1 spring, the gap fonnation could have been caused by movement of the 

fuel during transport and handling. Similarly, the freedom of pellet move­

ment could allow fuel fragments to slip out of normal pellet positions and 

make the fuel cracking appear more severe than usual. As will be seen 

later in this report, metallographic examination showed that the degree of 

cracking was typical of that resulting from thermal stresses in uo2 fuel. 

It is uncertain whether the fuel column gaps occurrt:!d before, 

during, or after operation. If any of the gaps were present during operation, 

they did not lead to any clad collapse. The stainless steel cladding 

apparently was strong enough to resist the clad collapse observe.d in similar 

situations with Zircaloy clad rods. Evidenc e of high clad strength is 

provided by the loose fit of the fuel in the cladding. Zircaloy clad tends 

to creep down under the pressure of the reactor water and eventually contoct 

the fuel, at least in spots. The loose fuel fit in the Mll-lA fuel rods 

indica ces that no significant creep down of the stainless steel clad occurred. 

Gamma Scanning 

The six fuel rods were gamma scanned to det rmine the relative 

axial burnup by measuring the gross gamma activity as a function of rod 

axial po s ition, 

Each rod was scanned by moving the vertically poRitioned ro<l at a 

constant rate of 2 in . pPr minute past a collimating slit-detector arrange­

ment and continuously measuring ancl r cording on a strip chart the gamma ray 

intensi ty from that part of th • pin pas si ng the collimator. All energies 

greater t l1 Rn 0.5 MeV were m asurcd Rnd r corded . The detector uo d was a 

sodium io<lid crysta l. CollL ators and s l its \vcrc ·1dj11sted to maintain a 

count i ng rn c 3ufficiently low to nvoid dead time Joss ~ 
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FIGURE 6. NEUTRON RADIOGRAPHS OF REMOVED MH-IA FUEL RODS. Note the cracked fuel 
Also, note that some fuel moved within the rods when the rods were rot 
(0 to 90 degrees). This movement is indicative of a very loose fit of



Note the cracked fuel and the gaps in sor,u' of the fuel columns, 
when the rods were rotated from one radial position to another 
of a very loose fit of fuel within the cladding.
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The gan~a scans, Figures 7 through 12 show that the peak 

activiti es occurrecl over a region from about 9 in. to 20 in. above the 

bottom of the fuel column , On the basis of the relative amplitudes of 

the gamma activities at peak burnup positions, Rod A-2 ha s experienced 

the highest burnup followed by Rod A-9 and Rod A-12. The activity levels 

of the other three rods are somewhat lower and approximately equal. 

Locali zed dips in the gamma activity ind1.cate gaps in some of the 

fuel columns, notably in Rods J-11, E-5, and A-9. In light of evidence that 

the fuel pellets fit very loosely in the cladding, it is possible that these 

gaps formed because of shifting of pellets during transit and handling 

rather than because of fuel densification. 

The gar.una scan of Rod A-2 revealed activity spikes, apparently 

at pellet inter.i:aces, in the high performance region. This type of 

behavior is usually attributed to migration of cesium to the pellet inter­

faces and is evidence of relatively high operating temperatures. 

Fission Gas Analysis 
and Void Volume Measurements 

The fission gases from the plcnums of Rods A-2, A-9, E-5, F-8, 

and J-11 were collec ted for analysis and rod gas pressures and void volumes 

were measured. Rod A-12 was not subject to gas sampling as it was damaged 

during an in-cell transfer. Collection for analysis was accomplished by 

fitting the rod plenum in an evacuable sleeve, evacuating the sleeve, 

puncturing the cladding in the plen11rn region to release the gas from the rod, 

and Toeppler pumping the gases to collection vials. The rod gas volumes were 

determined by expanding the gas to an evncuatecl system of known volume and 

observing th pres sure r ise . The rod void volume was determined by expanding 

known ~uantities of helium into the pin and observing the pres sure change . 

System calibrations have shown that the gas volumes determined from these 

mea urc:1:1ents are accura te to within ±3 percen t . 



.....
 

.,, 

I 
• 

' 
. _

i.t
• 

•,,
Y-

1
· 
,)

!(
,'I

t 
' 

..
,_

.,
, 

,1
1·

, ..
 

t,,
T

J-
~

. 

• 
r
,J

 
_ _

, • 
r 

I
•
 

c
:,

 

;i
. 

~
 

• 
I

.. 
·,~

 
• 

· 
I 

.. 
>

 t
ilr

S 
-

I 
-

. 
' 

I 
.
.
 

-
..:.

.:.:
....

. 
J 

• 
:&

 
.. 

'· 
,,

 .. 
..,;

.:
 

I 
i 

• !
 

• '
 :

, ·J
,,1I

\J,;
!1,

\~~
~i~

A~
\',J

J~
ij1,

,~1
: 

' 
. 

. 
~ 

1t
V 

. 
, '

I 
I 

.I 
; 

• 
-

1-
.i

r 
' 

jl
 ff'

 fl
f 

' 
I 

I 

• .. j
: 

~ .)
,,,,

f,,
_).

't'
 

. _
_ 

..
•. 

~ _
 j 

___
 i.

 
: .

.. 
, 

__
 

j .
. 

,
, 

_,
 

I 
_

I
_

. 
I 

-~
~

,
r

--
_

. 
, 

.:
 

·
-
·
,
 

I
\ 

;·
~

 
I 

I 
I 

• 
• 

• 
• 

• 
.•

 
I 

I 
I 

• 
• 

• 
Ki 

\ 
.•

·,
t1

\ 
i 

• 
• 

l 
I 

'. 
..

. 
I 

•
. 

; 
' 

I 
I 

ti 
.,

 

~
l 1

r1
•j

 
I 

t 
• 

, 
. 

• 
t 

! 
• 

• 
, 

~•
 

f 1
 

; 
-

• 
• 

I 
i 

• 
i 

: 
J 

I 
i -

• I
 ·

-'
 j

 •
I

" 
I 

· I
 "

 :
 '

. 
•·

 
i 

• 
I -

· 
I 

! 
! 

I 
l,

lu
,.

 ,I
 .

 

:/1:
-:1 

• 
, 

• 
' 

I 
1 

• 
' 

• 
• 

' 
' 

·1
r 

II
(,

~
 

• 
t 

·
•
·
 

•
·
·
1

 
•
•
•
 

, 
, 
•
•
 

: 
•
•

• 
•
•
 

'h
 

, 
-

• 
• 

I 
I 

' 
• 

"'
 

I 
I 

• 
I 

I 
I 

I 
-
-

1 
• I

 
I 

• 
• 

• 
I 

1 
-

t 
I 

• 
I 

! 
/,

~
I 

.I
 I

 
-

e 
, 

1 
• 

: 
-

I 
• 

:!J
 

:.
 

: 
• 

e 
, 

_,
 

ff
;,

. 
e 

' 
; 

I 
i 

•
. 

I 
• 

I 
! 

; 
. 

\l
J
l,

j 

I 
• 

-
' 

• 
l 

• •
 

: 
• 

I 
' •

 
' •

 i •
• 

• 
• 

• •
 i

 
• 

\
~

 
• 

t 
• 

• 
' 

-
• 

. 
I I 

: 
. 

. 
. 

. 
I 

I 
. 

I 
• 

-

t
-

" 
-

• 
-

I 
• 

I 
. 

I 
.
.
 

I 

I 

..
. 

I . -- I 
..;

 

I •
. 
I.

 
: 

. 
I
.
 

I
.
 

: 
I 

I 
: 

-...
,, ..

.. 
I 

I 
I 

I 
, 

: 
l 

, 
: 

V
I.

J
i 

. ~:
:)~

:Jt
tt·~

 :r·
:T

t!
JT

 ___ .
: __

_ ;:
~

~
-· 

-: 
·.;, 

.
.
!
-

•
•

t
·

,
-

·1
 

-
--
~

·
!
·
·
·
 

J
_

 
1

-t
··

 
••

 
• 

-
-

t 
~ 

-
•

-
-
-
-
-

f 
-
·
·
·
·
 

I 
• 

··
1
··

·
-

· 
I 

• 
! 

t-
,&

 

t 
I 

' 
I 

I 
•
: 

I 
• 

j 
: 

! 
• 

i 
• 

I 

. 
c 

,._
, 

~
:.,

.; 
_ 
__

L 
I .

.. c
 
I 
ii~

 '.
: l

.i.
tL

J.L
2.

 L
.:.

L 
j 

..
. ~ 

;_
, 
! :

 : i
 i;

 j'
j 
i L

 L
~

~
-

-
-~

-
-

: 
-

-
-~

 
: 

• 
• 

• 
-

••
• 

-

I 
: 

I 
. 

' 
_

_
 

l 
; 

_.
l. 

1.
.:. 

! 
(

I
I 

I 
I 

I 
n

,
t

1
,
i

t
,
i

-:
-t

, 
7

1 
.. 

\G
""

l 
•.

 
, 

.. 
fl

 
••

• ,T
,

,
tt 

..
. 

,,
,

, 
.
.
.
.
.
.
.
.
.
.
 ,

,-
.1

1
r1

, 
.

. 

F
lc

t,
1U

: 
7

. 
~

.
A

 S
C

A
N

 O
F 

II.
O

D
S 

A
·'-

• 
T

h
ie

 
h 

th
e
 b

ig
h

e
a
t 

b
u

m
up

 
ro

d
 
e
x

a
in

e
d

 
in

 
tb

h
 
p

ro
g

ra
. 

X
o

te
 

th
e
 

ac
~

1
v

1
ty

 s
p

ik
u

 
in

 
th

e
 

h
ig

h
 p

er
fo

l"
ll

a.
:,:

e 
re

g
io

n
 
o

f 
th

e
 

ro
d

. 

S
p

ik
e
s 

o
f 

th
i
■ 

ty
p

e
 

a
re

 
g

e
n

e
:a

ll
y

 
a
tt

ri
b

J
te

d
 

to
 

m
ig

ra
ti

o
n

 
o

f 
ce

si
u

m
 
to

 
th

e
 p

e
ll

e
t 

e
n

d
s,

 



I 
I. .. 
I 

LI 

' I I . : . 
I . : 

-' 
• I 

' I I 

-12-

I , 

i-·]I: , , 
i . ·-
'. -
I I -
I __ ::_ 

I ... 
0 
u ... .. 
.:I .. 
.<; .. 
C .... 

'0 ... 
" Q, ... " a oo .. ... 
.. 0 

'0 .. 
0 > ..... .. 
Q,. 
:, u 
f;; 
:, A 

,I> ... 

... .. 
" .. .. . 
.I! 

!"'8 
.I! .. 

.., .. 
g -5 
u ...... 
• 0 

II Q, 
.<; 0 ., .. 
., .. 
... .I! ... 
• ...... 
t;:. 

g ... ... 
I.., 

< .. 
• ◄ 

A > 
0 ... "' .. u 
14 • 
0 

C 
~ ... 
u • 

ii 
.; 
... 
~ 
0 ... ... 



-. ..... ,,.,,.,-
. ,, ,...rf" .... ~-. ... .,._ ... . - . 

,i,•-..J.• ,_,,,. ..... 

,-. t f t 'I -r•1? ~~-·,· 
t• .... _..,.,.,n ,.,. ,. ....,. ·-··· ,..,. ..... -,..-... , .. -~ 

I 
I' 

I · 

I 
I . 

-I 

.,... ,.., ,.,.,. 
"' ,. .. -

•••t4 •• -•w 

.. \ 

i 
.I 

-! 

' 

\ 
T 

I 
. \ .. 
I 
I 

., 

I: 

. ' 
!. 
I 

I 
I 

i 
i .. 
' I 

·• 
I 

.. 

a ... 
0 
u .. • :, ... 

s 
• ... • .. ... 
0 

: .. 
" • u ... 
'l! .. 
• .. • ... 
" -i: ... 
" ~ 
C: .. 
• ... ... 
"" 
t .,. 
"' 

.,. 
w 
t'.l u .. ... 



f I u 
j 

u 
l I ..., 

I 
I ' 

I 
I . 

1· . 
i.' 

,~ 
r. 
I 

•·• 
I 

" 

• - · t ' 

' ., _ 
' 

.-

• -~ . 
"'I,_ 

1 

l .. .. 
.r; ., 
... 
0 ... 
0 ., .. 

.J::. ., .. • 
~ 

e ... .. 
► .. 
t: .. • 

N ... 
I 

< 
~ 
0 

"' 
~ 

w 
r< 
G ... ... 



1, 
I. 
L 
I 

1.· 
, .• 

L 

I
,_., 

.. 

1 • 
: ' 
l 

I I ! 
' . , : ' ' I 

I ' 
' I . , .. , 

I I 

-' 
I , .. 

. ·- ....... , .. -
', I ., 
I -

,. , . 

I l 

' I 

,. 

. , ' 11 
I 
I 

' ' ,, ' f 

' ' I 

I .. -.I 
I I I I 

. I . 

' I 

-15-

I. 
'. J I I I 

I 11!:': 
l . l' ' . 
' ,-; ;l : I ,. ' ... . - ' 

.. 
' 

g ... .. • 
Ii 
11, 
• .. ... .. 
II ... ... 
II ... ... 
II .. ... 
II ... 
"' .... • • 0 ... 
1 
• ... 
:. .. • 
:'o 
"' .. 
• 
g ... 
0 
u ... 
II .. ... 
II 
.I! .. ... 
0 ... 
(I .. 
.. • .. 
s: 
• ... ... 
A 

... .., 
I .., 

A 
C, 
Ill: 

t 
~ 
"' 

... ... 



I j 

lJ 

1. ,, 

, .. 
,·: 
I 
I • 

I·-. ' 
i . 

\.' 

-' 

-16-

' I 

.. 
' 

• 

.. 

.. 

·- f 
; - ., 

. I 
' I 

I • 

·-
. . 
I 

• I -, .. -
' -- . 

• I i· 
I I 
' I 

-·· .. - .,·. f 
I I .. f I 
l • I I 

ri· ·r ·:--·1:· 
I I I ' : . 

' . -: ! 

I. .. • 

r 
♦-

1 r ,, I: 
I :-

r: 

.. 
X .. 
C: ... 
l 
0 .. 
• .. • II .,_ 
t 
I ... 
0 
u .. .. ,.. ... 
II .,_ 
... 
! ... 

N ... ... 
~ ... ... 



. , 

17 

The coll ctcd gases were analyzed qualitatively and quanti­

tatively using mas s spectrometric techniques . Results of th se measure­

ments and analys es are given in Tables 1 and 2. 

Fission gas releases were calt:: ulated on the basis of verage 

fuel rod burnups as d tennined fr.om burnup analysis and gamma scanning and 

a total fuel volume in each rod of 96.5 cc. 

Fission gas releases from Rods A-9, .c-5, F-8, and J-11 were low, 

on the order expected from recoil (0.1 to 0.2 percen t ). Fission gas release 

from Rod A-2 (highest burnup rod) was considerably higher (•~.8 percent) 

sugges ting that fuel operating temperatures wer e high enougl, t-o promote 

gas mi gration . This was later .. mbstantiated when rnetallographic exami­

nation of a fuel sample from the high performance region of Rod A-2 

revealed grain growth and fission gas porosity on the grain boundaries in 

the fuel center. 

It is also interes ting that the end-of-life gas pressures (at 0°C) 

were less than atmospheric in all rods other than A-2. Apparently for some 

reason the helium cover gas pressure of one atmosphere was not attained 

during rod fabrication. 

Section~ 

Two fuel rods, A-2 ancl F-8 were selected for destructive exami­

nations consisting of fu e l density measurements, metallography and burnup 

analysi3, Sections for these studies were removed as shown in Table 3. Sample 

locations were selected to obtain snmples over 11 broad range of burnup ).cvels . 

In light of th e loosenes s of the fuel in the cladding, problems in 

loss of fuel from th e cut sect i ons were anticipated . For this reason, 

sectioning was accomplished using a tub i ,g cutter . It was felt th~t the 

crimpt-·d ed ges of the cubing cut would t end to hold the fuel in place. The 

alternate sectioning t echnique would havf' been by an abrasive cutting wheel . 

Vibr11ti em s from the cut ting wheel would prob~1bly have tended to sh ake out thL· 

fuel. ln sofnr as poss .i.bl e , th C' cut s we r e nwdc at pe ll c t in te rfac es as 

detern1iu cl from neutron r .1 dio grnph s . 
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'l'ABLE 2. HES llL'fS OF GAS SAMPLING AND VOIJ> VOI.lJME 

HEA~iUlt Er-11:J'!'fS 01" Hll -- lt. IUEf. l:Ol>S 

Gas Volume , Void Vol ll:TIC in lt(al, EOL 
cc ,1 l: S'.i.'J.> cc 
·----·~- -~----·-- ---- -
22.69 7 .8) 

G. :,G ., . t?. 

G.85 G. 8(, 

5.9S B.0·1 

5.~8 7.33 

l'rcs<;urc :tn Roel 
at o<•c, ps:i. 

1,2. 71 

J.? .t~9 

1',.G7 

l.O.S9 

11.20 



Rod 

A-2 

A-2 

A-2 

A-2 

A-2 

i.\-.~ 

A- 2 

F-8 

F-8 

F-8 

F-8 

F-8 

F-8 

F-8 

F-8 
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TABLE 3. SECTIONS Rm-lOVED FROM RODS A-2 AND F-8 
FOR DESTI{UCTIVE EXAMINATION 

Location, in.from Burnup 
bottom of fuel colurnn MWD/MTU(a) 

'•-5/32 - 4-3/4 11,900 

4-3/4 - 5-11/32 12,700 

13-3/32 - 13-11/16 18,200 

13-11/16 - 14-9/32 18,200 

14-9/32 - 14-7 /8 18,200 

28-5/32 - 28-3/4 8,600 

28-3/4 - 29 .. 11/32 8,000 

4-3/16 - 4-13/16 9,400 

4-13/16 - 5-13/J2 10,000 

13-25/32 - 14-3/8 14,700 

14-3/8 - 15 14,700 

15 - 15-19/32 14,700 

31-7/8 - 32-1/2 5,700 

32-1/2 - 33/18 5,400 

33-1/8 - 33-11/16 4,800 

Sample Type 

Density 

Metallography 

Density 

Metallography 

Burnup Analysis 

Metallogrl\) hy 

Density 

Met allography 

Density 

Metallography 

Density 

Burnup analysis 

Burnup analysis 

Metallography 

Density 

(a) Determined subsequent to sectioning from Lurnup annlysis and gamma scan data. 
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Although some pieces of fu el we r e lost, the tubing cutter 

sectioning tecl1niques worked quite well, and satisfactory samples were 

obtained for the destructive e~aminations. 

Fuel Burnup Analysis 

The absolute burnups of three fuel samples (one from Rod A-2 and 

two from Rod F-8) were determined by AS1M Method E-321. 

The samples were dissolved by r.efluxing in 12,~ nitric acid. The 

dissolved samples were diluted with 4B nitric acid to a concentration of 

uranium of 0.001 g/cc. Only new glassware cleaned in boiling 8,!:! nitric acic1 

(AS'IM Procedur~ E-267) was used for the dissolution. Aliquots of the 

solutions were sent to a mass spectrometer labor atory for heavy element 

isotopic and ncodymium-148 ar.alysis. 

The resultant data were used to calculate burnup using the formula: 

F ' 
Ft= (U' +Pu '+ F' ) X 100 

where Ft = total heavy element atom percent fission 

U' = totRl u atoms per sample 

Pu' = total Pu atoms per sample 

F' = number of fissions pf'r sample (h.1scd on 
a fission yield of 1.68% for Nd-148) 

Burnup in megawatt days per metric ton of uranium was calculated using the 

relationship MWD/MTU = Ft x 9600. 

Sample _ocation, in. l\urnup, 
Rod from bottom of fuel column MWDLMTU 

A-2 14-9/32 - 1.4- 7 /8 18,200 

F-8 15 - 15-19/32 14,700 

F- 8 31-7/8 - 32-1/2 5,700 
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Th2se data were used wi :: h the gamma scan data to estimate the 

burnup s of the density and metallographic samples studied in th L · program . 

These estimated burn 1p s are pr esent din the sections on me tallography and 

density measurements . In addition, the burnup data wcr used to es thnate 

average and maxi.mum burnup s of the six rod s s tudi ed in this program. These 

data ar e shown below . 

B1rnue 1 NWDLMTU 

Rod Maximum Aver ~~ 

A-2 18,200 12 , 600 

A-9 17 , 200 12 , 200 

A- 12 15 , 000 10,500 

E- 5 15 , 000 10,400 

F-8 14,700 10 , 200 

J-11 14,000 10,000 

Fu el Densi ty Me s ur m nts 

The obj ec t i ve of the density measurem r1t s was to quantitatively 

determine the bulk density of the uo
2 

fuel at var ious levels of burnup. A 

mercury pycno11etry t echnique wns us ed for th e den si ty measurements. In this 

technique the s ampl · weigh t is dete rmined by direct weighing on an analytical 

balanc . The s amp l e volume is determined by meas urine the volume of mercury 

displaced by the sample . This is accomplished by mak i ng a series of weight 

meas urements of the pycnome ter with and wi thout the sample in the chamber . 

Vollmc i s calculat ed by dividing displ ~crd m•rcury weight by t he handbook 

value for me rcury clensj ty nt th e temperatu re of meas ur ement. Nercury 

t emp erature is meas11r ·d to wilh ±O. l °C at th e ti.me of mcasurem nt . 

The techniqu is particularly ;ipplic:iblc to bulk den s ity me:isurem ·nt s 

of po rous ma t eri als as Lh c m r ury does not penetrate porc•s sm:11 l cr than ;ibou t 

6 microns in dirnneter . Th:i techniqu hos :i demonstrr1tccl precision and 

accur acy of ±0 . 2 p <!t'C ·n t as detcr111in e> d by 111e.'.ls uremen t of a s t ainl ess st<'C' l 

s tan dard wj 1·h a kn o1~n cl c11sj ty of 7 . 908 g/c . 
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As part ,,f the system check, the density of the stainless steel 

standard was m osured twice during the course of the fuel sample measure­

ments. The results of the standard measurements are given along with the 

fuel density data in Table 4. 

The fuel density data show that five out of six fuLl samples 

had densitie f:' beyond the specified maximum as-fabncated fuel density 

(10.S g/cc). This is regarded as conclusive vidence that the fuel 

densified during irradiation. 

Because of the broad ~ange of specified as-fabricated densities 

(10.2 to 10.5 g/cc) it is difficult to make any solid quantitative 

conclusions regarding the densification. On a conservative basis, assuming 

a starting density of 10.S g/cc it can be stated that the maximum measured 

fuel density of 10.650 g/cc represents a 1.5 percent density increase. In 

a more speculative vein, a plot of density versus burnup, Figure 13, 

suggests that den& . ication continued to a burnup of about 8000 MWD/MTU. 

The fuel then started to swell at a low rate as burnup continued. If it 

could be established that all of the fu el started Jife at approximately the 

same density, the validity of conclusions drawn from this plot would be 

strengthened. Behavior of this type would be expected, however. Early in 

life, when fission product inventory is low, densification should be the 

dominant process. Lat er, as the fuel approaches its maximum attainable densi~y 

and as fission products buildup, the fuel should start to swell. 

Metallographic Examination 

The objectives of the metnllographic examination were to 

qualitatively characterize th e changes in pore size distribution and grain 

size as a result of irradiation to varioui:: levels of b11rnup. 
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TABLE 4. RESULTS OF FUEL DENSITY MEASUREMENTS 

Location, in. from Burnup, Density, 
bottom of fuel column MWD/MTU g/cc 

7.906 

4-5/32 .. 4-3/4 11,900 10.628 

13-3/32 - 13-11/16 18,200 10.582 

28-3/4 - 29-11/32 8,000 10.650 

4-13/16 - 5-13/32 16,000 10.537 

l.4-3/8 - 15 14,700 10.622 

33-1/8 - 33-11/16 4,800 10.484 

7. 911 
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10.s----------------------, 

10.6 ~ 

10.4 

10.2..L-------r------r-----ir----f 
20, 000 25,000 

15,000 
5, 000 10, 000 

Burnup MWD / MTU 

FIGURE 13 . PLOT OF DENSITY VER.SUS BURNUP . 

This plu t su~gests t hat density inLreases with 

burnup with additional burnup , the fuel 

starts t o swell at a l ow rate . 



lJ 
q 
u 
11 

u 
H 
I 1 

u 
l l 

26 

To meet th se objectives the following six samples were examined 

metallographically: 

Sample Location , in. Burnup, 

Rod from bottom of fuel column MWDLM1'll 

A-2 4-3/4 - 5-11/32 l:!, 700 

A-2 13-11/16 - 14-9/32 18,200 

A-2 28-5/32 - 28-3/4 8,600 

F-(! 4-3/16 - 4-13/16 9 ,400 

F-8 13-25/32 - 14-3/8 1:., 700 

F-8 32-1/2 - 33-1/8 5,400 

Sample preparation consisted of mounting the sample in epoxy, 

grinding through 600 gr id SiC and polishi g with Linde A-chromic acid on 

TcXlllet cloth , Etching to bring out uo2 grains was accomplished by swabbing 

with a solution of 15 parts H2so4-85 parts H2o2• 

Each specimen was treated identically and the following photugraphs 

taken, 

(1) 3,SX macrovi w of the as-polished specimens 

(2) lOOX radial fuel traverse, as-polisheJ and etched 

(3) SOOX photo graphs as fuel c enter, mid rad:ius, 

and surface , as-poli shed and etched 

For this r eport, all of th e macr0views are shown to illustrate crackLng 

patte rn s . The SOOX ac-poli.s hcc:1 1; h o 1 u:; r;ip lrn nre shown to illustrate changes 

in por e <li s tribu ~•on at vari us l eve ls of burnup . Only the highest and 

second hi ghes t hurnu p lOOX rad ial trave rs es and SOOX e tched structures are 

shown to illustrate gra· n growth in th highest burn up i::;ample and the absence 

of grain ~rowth in the s econd hi fjh •s t burnup sampl es , 

TIH' mac rovic1,s , Figure 14, show the usual crai.: kin 1 patte rns that 

n ~sul t fr om t he rma l s tr es s i n th e uo2
. Som los s of fu e l has heen experienced 

but t: his c an be attdbutc <l to th loose f it of iuc l in the c laddin i:; . 
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3.5X HC39441
(a) F-8.32-1/2 - 33-1/8 in.

3.5X HC39442
(b) A-2. 28-5/32 - 28-3/4 in.

3.5X HC39439
(c) F-8. 4-3/16 - 4-13/lti in.

3.5X HC39444
(d) A-2. 4-3/4 - 5-11/32 in.

3.5X HC39440
(e) F-8. 13-25/32 - 14-3/8 in.

3.5X IK’.3944 <
(1) A-2. 13-11/16 - 14-7/32 in.

FIGURE 14. MACROVtf<~ OF METALLOGRAPHIC SPECIMENS.
Cracking pattern,, are typical of these caused by 
thermal strusses in UO^.
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As-polished SOOX photomicrographs of the fuel are presented in 

order of increasing burnup, Figures 15 through 20. Note that the lowest 

burnup sample con tains a large number of small rcund pores plus a small 

numbE'r of large angu lar pores. With its low burnup, this sample probably 

best represents th e 3s-fabricated pore structure. As burnup i ncreases, 

the distribution of large pores stay1:, about the same while th population 

of small pores decreases. Note that t he high burnup specimens contain very 

few small pores. On th basis of these observations, it appears that 

densification occurr d via annihi ation of the small as-fabricated porosity. 

This same type of small por annihilation has been obser ed in densified 

_ommercial reactor fuel . 

Note that the center region of Specimen A-2 13-11/16 - 14-9/32 in. 

(highest burnup metallography sample) has enlarged grains and relatively 

large pores decorating the grain boundaries, Figures 21 and 22. This regi~n 

of fuel operated at temperatures high nough to promote grain growth and 

fission gas migration. Recall that fission gas r elease from Rod A-2 was 

much higher than from the other rods. On the basis of the grain slze, it 

appears that tem erHtures in the fuel center were on the order of 1300 to 

140C c. Grain growth was not apparent in Rod F-8 at 13-25/32 - 14-1/8 in,, 

Figures 23 and 24, or in any lower burnup samples, suggesting that the 

maximum operating temperatures in the other regions examined were less than 

1000 or 1100 C. 
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FIGURE 15. AS POLISHED MICROSTRUCTURE OF ROD F-8 AT 32-1/2 - 33-1/8 IN. 
FROM BOTTOM OF FUEL COLUMN. Burnup 5,400 MWD/MTU.
Note the relativ^e large population of small pores.
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FIGURE 16. AS-POLISHED MICROSTRUCTIRE OF ROD A-2 AT 28-5/32 - 28-3/4 IN. 
FROM BOTTOM OF FUEL COLUMN. Burnup 8,600 MWD/MTU.
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FIGURE 17. AS-POLISHED MICROSTRUCTURE OF ROD F-8 AT 4-3/16 - 4-13/16 IN. 
FROM BOTTOM OF FUEL COLUMN. Burnup 9,400 MWD/MTU.
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FIGURE 18. AS POLISHED MICROSTOUCTURE OF ROD A-2 at 4-3/4 to 5-11/32 IN, 
FROM BOTTOM OF FUEL COLUMN. Burnup 12,700 MWD/MTU.
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FIGURE 19. AS-POLISHED MICROSTRUCTURE OF ROD F-8 AT 13-25/32 - 

14-3/8 IN, FROM BOTTOM OF FUEL COLUMN.
Burnup 14,700 MWD/MlU.
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FIGURE 20. AS POLISHED MICROSTRUCTURE OF ROD A-2 AT 13-11/16 - 14-9/32 IN. 
FROl BOTTCM OF FUEL COLUMN. Burnup 18,200 MWD/MTU.
Note the small population of small pores in the fuel surface and 
raid-radius positions. In fuel center, grains have grown and 
fission gas porosity decorates grain boundaries.
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figure 21. ETCHED MICROSIRUCTURE OF ROD A-2 AT 13-11/16 TO 14-9 32 IN.
FROM BOTTOM OF FUEL COLUMN. Note that grain growth has 
occurred in the fuel center and mid radius regions.
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Original magnification lOOX, reduced for reporting, 
(b) Etched

FIGURE 22. LOW MAGNIFICATION RADIAL TRAVERSES OF METALLOGRAPHIC SAMPLE FROM ROD 
This illustrates the microstructural changes that have occurred in th
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FIGURE 23. LOW M.AGNIFICATION IN RADIAL TRAVERSES OF METALLOGRAPHIC SAMPLE FROM ROl 
Note that the microstructure is uniform over the radius.
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FIGURE 24. ETCHED MICROSTRUCTURE OF ROD F-8 AT 13-25/32 - 14-3/8 IN.
Note that grain size is uniform in all radial positions.
This is the second highest burnup metallographic specimen 
examined. Grain structure of lower burnup specimens were 
similar to this.
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Summary and Conclusions 

In-reactor fuel densification of the uo2 fuel from the MH-lA 

Reactor was found to definitely hav occurred, Because of uncertainties 

in the as-fabricated fuel density, the degree of ocnsification could not 

be accurately determined. There were indications, however, that d~nsifi­

cation was complete after a burnup of about 8000 MWD/MTU, From that point, 

the fuel apparently started to swell slightly. Metallographic examination 

indicat ~d that densification occurred by the annihilation of small as­

fabricated pores. 

On the basis of the sound appearance of the cladding, the fuel 

densification did not have any deleterious effect on the physical condition 

of the fuel rods or the fuel assembly. Absolutely no evidence of clad 

collapse was observed. Indeed, the loose fit of the fuel within the stain­

less steel cladding provided evidence that the cladding was strong enough to 

resist any creepdown even if fuel column gaps had existed during operation. 

Also, because of this loose fit, it is uncertain whether the fuel column 

gaps observed from gamma scanning and neutron radiogr:iphy wer~ present during 

operation. Fuel movement during transportation and handling could readily 

have produc ed the gaps. 

Howeve r, the fo ,2 1 densification may have implications in the 

analysis of a loss of coolant accident. It can be r easonably assumed that 

densification results iu somewhat isotropic decreases in fuel pellet dimensions. 

Thus, as the fuel densifies, the fuel pellet diameter would decrease resulting 

in an increase in !:!'l e fuel-cJad gap width with an atteudant decre"se in the 

gap conductance. Wi~h isotropic pellet sl1rinkagc, a 1.5 percent density 

increase represents a di ametral decrease of about l mils in a MH-lA fuel 

pellet. Larger density increases would result in correspondingly larger 

diame ter <l0creases. 
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